Japan Atomic Energy Agency (JAEA) has started to study and develop zirconium carbide (ZrC) coated fuel particles for advanced high temperature gas cooled reactors. The ZrC coating layer has been fabricated using the bromide process at JAEA. The coated particles with IPyC layers reported in a previous study were annealed at around 2073 K for 1 h, under which compact sintering will be done in a practical process, in order to study effects of the heat treatment (annealing) on their microstructure evolution. Then the microstructures of the ZrC layers in the cases (batches) of C/Zr = 1.11 and 1.35 were characterized by means of TEM and STEM. Microstructural evolution such as changes in the shape and size of voids or free carbons region caused by the heat treatment were found in the cases of both batches. After the heat treatment, the voids or free carbons region showed a clod like feature with diameters of 50 to 100 nm. The grain growth of ZrC was also observed in both cases: In the ZrC layer with C/Zr = 1.11, the fibrous carbons grew as if to stand from the PyC to ZrC layers on some places in the IPyC/ZrC boundary.
Introduction
The high temperature gas cooled reactor (HTGR) is one type of nuclear reactors that utilizes ceramic coated UO 2 fuel particles such as tri-structural isotropic or so-called TRISOcoated fuel. 1) A spherical UO 2 kernel is covered with a buffer layer, which is covered with an inner high density pyrolytic carbon (IPyC) layer. The IPyC layer is covered with the third layer, for which SiC has been used. The 3rd layer is covered with an outer high density pyrolytic carbon (OPyC) layer. The overall diameter of the TRISO-coated fuel is around 0.9 mm. The materials and the roles of each coating layer are described in Table 1 . The very high temperature gas cooled reactor (VHTR) is a type of the HTGRs and is one of the most promising candidates for the fourth generation nuclear energy system. The VHTR fuel needs to be designed to exhibit excellent safety performance up to burn-up of about 15 to 20% fissions per initial metal atom (%FIMA) and a fast neutron fluence of 6 Â 10 25 m À2 (E > 0:1 MeV). It seems, therefore, that the VHTR needs fuel particles such as those processed by using advanced coatings, which can withstand at higher temperatures and to higher burn-up than the present TRISO-coated fuel particles.
Recently, Japan Atomic Energy Agency (JAEA) has successfully developed a zirconium carbide (ZrC)-coated fuel particle, a ZrC coating layer, and it has demonstrated that the ZrC coated fuel particle possesses a much higher temperature stability than the present TRISO-coated fuel ones.
2) In addition, it has been found that the ZrC coating layer has higher resistance to Pd corrosion than the SiC coating layer. 3) JAEA has now started to investigate the following subjects related to the new coating layer: (1) ZrC-coating process up to 200 g per batch scale with reduced excess carbon, [4] [5] [6] because too much excess carbon deteriorates the performance of ZrC coating layer; 7, 8) (2) Inspection methods for the ZrC coating; 6) and (3) Irradiation effects of the ZrC coated particles.
We have already reported some characteristics of the microstructures of the ZrC layers with various C/Zr ratios including IPyC/ZrC boundary regions. 9) Since the fuel particles are usually mixed with powder graphite etc., and then sintered into fuel compacts, it is quite significant to study the effects of the heat treatment that was imitated to the thermal history of the sintering process. In this study, the coated particles reported in our previous study 9) are annealed at around 2073 K for 1 h, under the condition of which compact sintering will be performed in a practical process. Then the effects of the heat treatment on microstructure evolution of the coating layers are characterized by means of transmission electron microscope (TEM) and scanning transmission electron microscope (STEM) to obtain useful basic information for advancing the development of this new fuel.
Experimental
The ZrC coating layer has been deposited on feed particle that is spherical IPyC-coated stabilized ZrO 2 having an average diameter of around 0.8 mm. The surface of the feed particle is pyrolytic carbon (PyC), because the ZrC layer needs to be coated on the PyC in a practical process for the fuel particle. The diameter of the ZrO 2 and the thickness of the IPyC layer were set to match those of the particle having UO 2 kernel to be deposited with ZrC layer; it is because a proper condition for fluidization depends on the total weight and the diameter of the particle. In addition, the UO 2 kernel will be isolated from the material gas of ZrC by the existence of the IPyC layer. Accordingly, the deposition condition obtained will be transferable to a real UO 2 system. The ZrC coating layer was of chemically vapor deposited (CVD) one produced by a bromide process. 10) In the bromide process, the ZrC-coating layer is deposited with pyrolytic reaction of zirconium bromide, CH 4 and H 2 in a fluidizing bed in a graphite tube. Main reactions of the bromide process would be described as follows:
The nominal temperature was kept almost constant, but locally the temperature fluctuated by about 80 K 9) in the fluidized bed.
The ZrC coated particles were annealed to know the effects of the fuel compact sintering process on microstructure evolution in the particles: The heat treatment condition was set so as to imitate the thermal history of the fuel compact sintering process for the High Temperature Test Reactor (HTTR) in JAEA: Firstly, the coated particles were heated in vacuum with the heating rate of about 200 K/min; Secondly, they were kept at around 2073 K (2033 K) for 1 h; Finally cooled down to the room temperature with the cooling rate of about 140 K/min.
Cross sectional TEM specimens of the ZrC layers were prepared by a focused ion beam (FIB) micro-sampling method using FB-2000A (Hitachi, Co. Ltd) with 30 kV Ga ions. The preparation was made without resin embedding for the polished cross-section of the particles except the specimens subjected to the heat treatment made from the C-batch including the surface of the ZrC layer.
The TEM and STEM studies have been performed at room temperature with JEM-2000FX (JEOL, Ltd.) and HD-2000 (Hitachi, Co. Ltd.), respectively.
Basic data of the specimens obtained from each batch are summarized in Table 2 . The microstructures of the specimens obtained from these batches before the heat treatment have already been reported in our previous paper. ) show the high angle annular dark field (HAADF) images including the IPyC/ZrC boundary of the TEM specimens before and after the heat treatment, respectively. The dark contrast areas seen in the ZrC layers correspond to voids or free carbons region. 11) Before the heat treatment, the voids or free carbons region had a thin ($10 nm) layered feature and were distributed densely (some 10 nano-meters interval) 9) (see Fig. 1(a) ). After the heat treatment, the voids or free carbons region changed to have a clod like feature with average sizes of 50 to 100 nm ( Fig. 1(b) ). They were distributed not randomly but, like roughly, lines, although the intervals of them were increased after the heat treatment. Moreover, the ZrC grains were slightly grown in this area.
A TEM image of the clods of the free carbons or voids after the heat treatment is shown in Fig. 2 . The free carbons region or voids show a brighter contrast than the surrounding ZrC grains. An aggregate feature of ribbons with widths of 5 to 10 nm was observed in each clod. The c-plane contrast of carbons was found in each ribbon along the elongated directions. Each ribbon would be free carbons.
11) The free carbons showed a laminar feature with widths of 5 to 10 nm, and the c-plane contrast of carbons was observed in each free carbons region along the elongated directions before the heat treatment; 9) that is to say, the free carbons region had a sheet like shape with the c axis roughly perpendicular to the thickness direction of the sheet before the heat treatment. Each sheet would be swept out to ZrC grain boundaries due to the growth of the ZrC grains, keeping the sheet like feature, though they became crumpled. The authors think that a main cause for the formation of such clods of the free carbons or voids would not be caused by the following process; the free carbons dissolved into the ZrC phase at high temperatures, and then precipitated as the specimen was cooled down to room temperature. It is because, we think, if the origin of the free carbons in the clods was the dissolved carbons in ZrC phase, they would not have such a strange and elastically unstable structure.
The turbostratic carbons 9) were observed on the IPyC/ZrC boundary similar to those observed before the heat treatment 9) which is shown in Fig. 3 for reader's convenience. No obvious change in the IPyC/ZrC boundary or IPyC microstructure was observed on TEM images, but the contrast seemed to be stronger than that before the heat treatment in these regions. The change in the structure in these regions can be detected by analyzing X-ray or electron diffractions quantitatively; this will be our next tasks to study.
C-batch (C/Zr = 1.11)
Figures 4(a) and (b) show the HAADF images including the surface of a ZrC layer of the TEM specimens before and after the heat treatment, respectively. The dark areas, the same ones as the case of A-batch, correspond to voids or free carbons region. 11) Before the heat treatment, the voids or free carbons region had a thin ($10 nm in thickness) layered feature and were distributed like lines being almost the same as those observed on A-batch 9) (Fig. 4(a) ). After the heat treatment, the voids or free carbons region had also almost the same feature as those observed for A-batch (Fig. 4(b) ). It is, however, evident that considerable crystal grain growth has occurred owing to the heat treatment. It is seen that the average grain size after the heat treatment is different from each other along the deposition direction. The average grain size along the deposition direction was approximately the same as to the above mentioned interval between the lines of the clods of the free carbons or voids (Fig. 4(b) ). The average grain size was found to be the largest at the surface area of the ZrC layer (Fig. 4(b) ). The change in the distribution of the free carbons or voids would influence the performance of the ZrC layer. The networks of free carbons or voids might be formed in the ZrC layer before the heat treatment, i.e., as-produced state, and the fission products (FPs) could diffuse a long distance along the networks. 9) But the clods of the free carbons or voids may limit the formation of the network in the ZrC layer after the heat treatment, and accordingly the FPs cannot diffuse a long distance. On the other hand, the clods of the free carbons or voids on the grain boundaries of ZrC may weaken the binding of the grain boundaries.
The normals of (200) planes of ZrC grains were broadly distributed to the deposition direction after the heat treatment (Fig. 5) . This crystallographic orientation feature of the ZrC was quite similar to that observed before the heat treatment; 9) this feature became more evident after the heat treatment. A probable reason why I 200 /I 111 ratio of XRD from the coated particles increased after the heat treatment ( Table 2 ) would be that the feature of the orientation became more obvious, i.e., the 200 texture became stronger. The peaks from the crystal planes, of which normals tend to align parallel to the radial direction of the particle, were detected more clearly than other peaks, probably because the self-shielding effect for the incident and diffracted X-rays for these crystal planes would be weaker than others. 9) Features of the free carbons were not clearly observed in the clods of the free carbons or voids after the heat treatment (Fig. 6) . A main cause of this would be that the weight density of these clods was much smaller than that of A-batch after the heat treatment: Note that this TEM specimen was prepared with resin embedding for polishing a cross-section of the particle, as described in section 2.
No particular PyC structure existed at and near the IPyC/ ZrC boundary before the heat treatment, 9) whereas particular PyC structures were found on the IPyC/ZrC boundary after the heat treatment (see Figs. 7(a) and (b)): In some regions on the IPyC/ZrC boundary, fibrous carbons with lengths of about 50 to 100 nm grew as if stand from the IPyC layer to the ZrC layer. It is interesting to note that under these standing fibrous carbons, other fibrous carbons are stuck one upon another (Fig. 7(a) ). The similar feature has already been observed on the IPyC/ZrC boundary in a batch that was subjected to oscillated deposition temperatures.
11) It seemed that the fibrous carbons that aligned almost normal to the IPyC/ZrC boundary would be formed due to the tensile stress caused by the shrinkage of the PyC during the heat treatment. 12) It has been shown that the tensile stress arises on the IPyC/3rd layer boundary in the coated fuel particles with the irradiation shrinkage of IPyC layer 13) in an early stage of the operation of a reactor. The detachment of the IPyC/3rd layer can, therefore, be avoided, if the above mentioned mechanism works well to absorb the migration of the IPyC boundary under the operation temperature of the reactor.
In an area on the IPyC/ZrC boundary, a flake of graphite was observed (Fig. 7(b) ). This flake was well crystallized (see Fig. 7(c) ) and its width and length were about 30 to 50 nm and a few micrometers, respectively. It is not evident at present whether this flake was introduced from the graphite tube, in which the ZrC layer was deposited or the structure of a part of the IPyC was changed into the graphite flake. No evident change in the IPyC microstructure was observed except for the boundary region on TEM images, whereas the contrast seemed to be stronger than that before the heat treatment in these regions, similar to A-batch.
Conclusions
Changes in the microstructures due to the heat treatment of the ZrC layers in the cases of C/Zr = 1.11 and 1.35 were characterized by means of TEM and STEM; The heat treatment condition was set to simulate the fuel compact sintering process for the HTTR. The main results obtained are as follows:
(1) Grain growth of the ZrC occurred during the heat treatment in the cases of both batches. (2) Shapes of the voids or free carbons region were changed to those having a clod like feature with diameters of 50 to 100 nm after the heat treatment. In the case of Abatch (C/Zr = 1.35), an aggregate feature of ribbons with widths of 5 to 10 nm was observed in each clod. Each layer of the free carbons was swept out to the ZrC grain boundary owing to the grain growth of the ZrC, which might act to keep the sheet like feature, but the evolved microstructure was crumpled. (3) In the case of C-batch(C/Zr = 1.11), there appeared almost no change in the feature of the crystallographic orientation of the ZrC grains except that the feature of the orientation (a kind of texture) seemed to become stronger than that of the ZrC before the heat treatment. (4) In the case of C-batch(C/Zr = 1.11), the heat treatment led the fibrous carbons to grow as if to stand from the IPyC to ZrC layers on some regions of the IPyC/ZrC boundary. Furthermore, a flake of graphite was observed in an area on the IPyC/ZrC boundary, though this flake might be from the graphite tube. (5) In the case of A-batch(C/Zr = 1.35), no change in the structure of IPyC/ZrC boundary was seen on TEM images, while the turbostratic carbons were observed on the IPyC/ZrC boundary similar to that observed before the heat treatment.
